Thick membrane operated rf microelectromechanical system switch with low actuation voltage
Radio frequency (RF) switches are essential components to handle RF signal in wireless communication systems. Previously, RF switching has been done using semiconductor devices such as PIN diodes and FETs.
1-3 However, these semiconductor switches have high losses at high frequencies. RF microelectromechanical systems (MEMS) are one of the potential candidates which have reformed the RF system. RF MEMS switches have excellent electrical performance compared with the traditional solid-state solutions, for example, high linearity, high isolation, low insertion loss, small size, and low cost. 4, 5 Currently, most well-known RF MEMS switches are based on electrostatic actuation because it offers extremely low power consumption, relatively high speed, and easy implementation. Despite significant efforts have been carried out by many researchers to reduce the operating voltage, the existing RF MEMS switches are limited by the tradeoff between operating voltages and mechanical properties. For example, the required operating voltage is limited by the available voltage in the system, which may be typically low for the devices. However, high operating voltage is required to reduce the parasitic load of the RF line, avoid a self-latching of the device, and provide a large mechanical separation between MEMS components. In our previous work, we fabricated a contactless MEMS switch which is based on variable capacitance between signal lines and movable grounded electrodes controlled by electrostatic actuator. The switch shows excellent reliability, however suffers high actuation voltage. 6 In order to solve the above issues, in this letter we demonstrate a technique that harnesses the device mechanical resonance property to reduce the actuation voltage by a substantial factor over the existing traditional MEMS switches with static actuation voltage. This is achieved by applying an ac voltage with a frequency corresponding to the mechanical natural frequency of the switch. The concept was proposed and demonstrated numerically in Refs. 7 and 8; however, there is no experimental study yet in the literature. In this letter, experimental investigation of resonant MEMS switch with ac actuation is conducted. The measurement results demonstrate that the operating voltage is reduced by 57.44% compared with that of dc actuated counterparts.
The conceptual schematic view of the device is shown in Fig. 1 . The device consists of comb drive actuators on both sides and an array of fixed electrodes interdigitally coupled with movable electrodes. If the gap between the electrodes varies, the capacitance will change. Therefore, the accurate gap change (displacement) can be measured by measuring the capacitance change. The initial gap between the fixed and movable electrodes is identical to obtain the same capacitance change in both directions. To drive the device at its resonance, an alternating voltage V AC with resonant frequency is superimposed with a dc voltage V DC . The device vibrates in response to the driving frequency of V AC . Increasing V DC and/or V AC will dynamically reduce the gap between the fixed and movable electrodes, and will thus increase the capacitance.
To prove the above concept, a nonlinear model of fabricated device is proposed. The nonlinear amplitude-frequency equation can be obtained using perturbation analysis and can be defined as Author to whom correspondence should be addressed. Electronic mail: y.zhu@griffith.edu.au where k 1 is a constant which is determined by device dimensional parameters and Q is the mechanical quality factor of the fabricated device. As implied by Eq. (1), the displacement amplitude A is proportional to the quality factor Q. In other words, at mechanical resonance frequency, the displacement amplitude can be dynamically amplified by Q times in comparison with static amplitude. Therefore, much larger dynamic amplitude can be obtained with the same value of actuation voltage. Similarly, to achieve same displacement amplitude, lower value of actuation voltage is required at resonance thanks to the quality factor. When anti-phase alternating voltages with resonant frequency are applied on the two comb actuators, electrostatic forces will be generated in both directions and the device will vibrate in a lateral direction (along the y-axis in Fig. 1 ) at its resonance frequency. As a result, capacitance will change dynamically with the applied alternating voltage. The capacitance can be defined as
where H is thickness of the device, L is overlapped electrode length, d is the initial gap of the capacitor, N is the number of overlapped capacitive finger, e 0 is the free space permittivity, and C p is the lumped parasitic capacitance. The lateral motion can be expressed as
where A is the amplitude of oscillation and x is the angular frequency of oscillation. The average value of the capacitance over a substantially long time T is given by
Combining Eqs. (2) and (3), the above expression then gives
where d > A. If T is much larger than the oscillation period, Eq. (5) can be expressed as
and
Eq. (7) represents the relationship between the average capacitance and mechanical quality factor. It can be concluded that the average capacitance of the device can be increased substantially by increasing mechanical quality of the device without compromising the device dimensional parameters. Fig. 2 depicts the transient capacitance CðtÞ and average capacitance C avg changes with various applied voltages calculated from Eqs. (2) and (7). The parameters used in the calculations are summarized in Table I . With various actuation voltages, the calculated average capacitance is tuned from 0.54 pF to 1.69 pF, as shown in Fig. 2 . Based on the above design and modeling, the device is micro-fabricated using a commercially available foundry process SOI-MEMS TM through MEMSCAP. The process offers a 25-lm thick silicon device layer and a minimum feature/gap size of 2 lm. The scanning electron microscope (SEM) image of the device is shown in Fig. 3 .
The scattering parameters of the fabricated device are characterized using FieldFox N9923A RF Vector Network Analyzer with 150 lm pitch ground-signal-ground (GSG) coplanar probes as shown in Fig. 4 . A function generator is used to generate sinusoidal-wave ac voltage to drive the actuator at its resonance frequency. To determine the mechanical dynamic response of the device, an ac voltage of 10 V pp superimposed on a dc voltage of 40 V is applied to the actuators, as illustrated in Fig. 4 . The dynamic behavior of the device is investigated by sweeping the excitation frequency with steps of 100 Hz around the simulated natural frequency of the tunable capacitor. The measured resonance frequency was found to be 6.6 kHz. The displacement amplitude versus frequency curve of the resonant switch is depicted in Fig. 5 . The mechanical quality factor of the resonator is determined by the well-known formula of
where f r and Df are the mechanical resonance frequency and the half-power bandwidth, respectively. Based on the experimental data in Fig. 5 , the measured quality factor of the device is derived as 4.5 from Eq. (8). Fig. 6 shows the comparison of amplitude changes with dc voltage actuation and superimposed dc and ac voltage actuation. For the convenience of comparison, the ac voltage is fixed at 10 V pp and superimposed with various dc voltages. As illustrated in Fig. 6 , when an ac voltage is introduced to the actuation, with the same dc voltage, the change in amplitude is much larger compared with the change in dc voltage only actuation. For example, by applying 40 V DC and 10 V pp , the amplitude is measured to be 2.43 lm, which is much larger than 0.37 lm in the case of dc voltage only at 40 V. In other words, to obtain the same displacement, much lower dc voltage is required thanks to the introduction of the ac voltage. As shown in Fig. 6 , to obtain the same displacement of 2.43 lm, much lower dc voltage of 40 V is required when superimposed with an ac voltage, i.e., it is 57.44% less than 94 V of dc voltage only actuation. It is found that the theoretical results are in strong agreement with the measured results. The small discrepancy between analytical result and measurement result is due to the micro-fabrication uncertainties.
In conclusion, an approach is proposed and implemented to solve a challenging issue in the design of MEMS devices, namely, the requirement of low operating voltage. The implemented method allows MEMS resonant switch to operate at a significantly lower voltage than the conventional operation mode with a dc voltage only. By taking advantage of mechanical oscillation at resonance frequency, the displacement amplitude can be amplified by the times of quality factor in comparison with static displacement with dc actuation. Therefore, the introduction of ac voltage to the actuation can greatly reduce the required dc voltage to achieve the same displacement. The experimental results show that the operating dc voltage was reduced by a substantial factor of 57.44%. It is noted that the measured mechanical quality factor of the device is low due to the squeeze film damping of the air between the fixed and movable capacitor electrodes. Operating in vacuum or using suitable materials can further increase the Q factor, and therefore, can further reduce the dc voltage. [10] [11] [12] [13] [14] This work is supported by the Griffith University Research Infrastructure Program and the Queensland Node of the Australian National Fabrication Facility (ANFF). 
